Background The contractility of colonic smooth muscle is dysregulated due to immune/inflammatory responses in inflammatory bowel diseases. Inflammation in vitro induces up-regulation of regulator of G-protein signaling 4 (RGS4) expression in colonic smooth muscle cells. Aims To characterize the immune/inflammatory responses and RGS4 expression pattern in colonic smooth muscle after induction of colitis. Methods Colitis was induced in rabbits by intrarectal instillation of 2,4,6-trinitrobenzene sulfonic acid (TNBS). Innate/adaptive immune response RT-qPCR array was performed using colonic circular muscle strips. At 1-9 weeks after colonic intramuscular microinjection of lentivirus, the distal and proximal colons were collected, and muscle strips and dispersed muscle cells were prepared from circular muscle layer. Expression levels of RGS4 and NFjB signaling components were determined by Western blot analysis. The biological consequences of RGS4 knockdown were assessed by measurement of muscle contraction and phospholipase C (PLC)-b activity in response to acetylcholine (ACh). Results Contraction in response to ACh was significantly inhibited in the inflamed colonic circular smooth muscle cells. RGS4, IL-1, IL-6, IL-8, CCL3, CD1D, and ITGB2 were significantly up-regulated, while IL-18, CXCR4, CD86, and C3 were significantly down-regulated in the inflamed muscle strips. RGS4 protein expression in the inflamed smooth muscles was dramatically increased. RGS4 stable knockdown in vivo augmented ACh-stimulated PLC-b activity and contraction in colonic smooth muscle cells. Conclusion Inflamed smooth muscle exhibits up-regulation of IL-1-related signaling components, Th1 cytokines and RGS4, and inhibition of contraction. Stable knockdown of endogenous RGS4 in colonic smooth muscle increases PLC-b activity and contractile responses.
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Background
Inflammatory bowel disease (IBD) is a cluster of chronic and inflammatory/immune conditions in the gastrointestinal tract, mainly including Crohn's disease and ulcerative colitis [1] . Understanding the molecular and cellular mechanisms for IBD is fundamental for developing new effective treatments. The inflammatory and immunological mediators have been proposed to contribute significantly to the development of tissue damage and related symptoms in IBD [2] . These inflammatory mediators derive from multiple cell types in the gut including epithelial cells, smooth muscle cells (SMCs), glial cells, interstitial cells of Cajal, and various immune cells. SMCs act as both source and target of these mediators and maintain an intricate and dynamic inflammatory response [2] [3] [4] . Different patterns of inflammatory cytokines including T helper 1 (Th1), Th2, and Th17 cytokines have been identified to regulate the contractility of the gastrointestinal smooth muscle [2] [3] [4] [5] .
The pro-inflammatory cytokines, interleukin (IL-1b) and tumor necrosis factor (TNF-a), are known to inhibit the contraction of gut SMCs [6, 7] . Inhibition of contraction is correlated with changes in neural input and expression of signaling molecules in SMCs. The indirect mechanisms involve the modulation of the neurotransmitter release such as acetylcholine (ACh), norepinephrine, and substance P [8] . The direct mechanisms underlying smooth muscle contractile inhibition involve the cellular regulation or modification in SMCs [8] [9] [10] . For example, IL-1b reduced the tone of lower esophageal sphincter through stimulating COX-2-mediated prostaglandin E2 (PGE2) [11] . TNF-a inhibited colonic muscle contraction by up-regulating intercellular adhesion molecule (ICAM)-1 expression [6] . IL-1b-stimulated hydrogen peroxide (H 2 O 2 ) in the colonic and esophageal sphincter smooth muscles [12] inhibits neurokinin A-induced contractility by decreasing Ca 2? mobilization [11] .
G-protein signaling plays key roles in the regulation of smooth muscle function. The strength and duration of G-protein signaling are negatively regulated by a family of GTPase-activating proteins, called regulators of G-protein signaling (RGS). All RGS proteins share a conserved signature domain that binds directly to the activated Ga subunits [13] . Among over 30 mammalian members of RGS family [14] , RGS4 is one of the most extensively studied at the structural, biochemical, and cellular/molecular levels [13] [14] [15] . RGS4 regulates the strength and duration of the Ga i/o and Ga q/11 family members [16, 17] . RGS4 expression and function have been studied in cardiomyocyte [16] , nerve tissue [18] , and cancers [19] , but little is known in SMCs. RGS4 expression in cardiomyocyte induced by endotoxin and IL-1b [20] may contribute to the deficiency in Ga q -mediated activation of phospholipase C (PLC) by endothelin-1 [21] . RGS4 abnormal function in the brain is linked to schizophrenia [15] , Alzheimer's disease [22] , and Huntington's disease [23] . In human aortic SMCs, high level of RGS4 expression inhibits S1P 3 receptor-mediated signaling [24] . We demonstrated that exposures of circular colonic muscle strips and freshly isolated or cultured colonic muscle cells to IL-1b in vitro cause RGS4 up-regulation leading to inhibition of ACh-induced contraction [7] . IL-1b-induced RGS4 upregulation is mediated by NFjB signaling [25] and modulated by MAP kinases and a PI3-kinase/Akt/GSK3b pathway [26] .
The aim of the present study was to characterize the immune/inflammatory response and the in vivo expression pattern of RGS4 in the inflamed colonic smooth muscle using rabbit colitis model induced by 2,4,6-trinitrobenzene sulfonic acid (TNBS). To validate the in vivo function of RGS4 in colonic smooth muscle, we also determined the efficacy of lentivirus-mediated RGS4 small hairpin RNA (shRNA) knockdown to regulate smooth muscle contractility [27] .
Materials and Methods

TNBS-Induced Colitis in Rabbit
The TNBS-induced colitis in rabbit was prepared through a modification of previously reported protocols [28] [29] [30] . Briefly, New Zealand white rabbit (2-2.5 kg, male) with an overnight fast was placed in an animal carrier and was calmed down by gentle touching without any anesthesia. An infant feeding tube (5 Fr, Guardian Catheter TM ) lubricated with mineral oil was inserted via anus for *15 cm into the colon and then slowly injected with 75 mg/kg TNBS in 1.0 ml of 50 % ethanol (to break the intestinal epithelial barrier). This procedure took about 2-3 min, and there was no distress or pain to the rabbits. As a control, the same volume of 50 % ethanol was administered. Rabbits were then allowed to recover and have free access to food and water. Anti-inflammatory drugs and other analgesics were not used because they could interfere with the pathophysiological mechanisms being investigated. The clinical index including weight change, food consumption, stool consistency, vital signs, and attitude responses was determined daily. Body weight in all animals was measured daily at 9 a.m. The daily food intake was measured by the 24-h difference between the amount of remaining food and the pre-weighed food. The score of the weight loss was 1-4 (\5, 5-10, 10-15, and [15 %). Blood in the stool was scored as 0, normal; 2, slight bleeding; and 4, gross bleeding. The score for the diarrhea was 0, normal; 2, loose stools; and 4, watery diarrhea. The total score for these three parameters was defined as the clinical index.
Sample Collection and Macroscopic Examinations
Animals were euthanized with an overdose of Euthasol (pentobarbital sodium and phenytoin sodium) solution at day 5 (the time for maximal inflammation) and day 7 (recovery start) after the induction of colitis [28, 29] . The colon was quickly removed, and the colorectum length was measured. The colon was longitudinally opened, and the stool was gently cleared. The extent of gross macroscopic damage was determined and scored (Table 1) according to the criteria modified from previous reports [28] .
Segments of 5-15th cm from the anus were prepared as distal colon, and 30-40th cm was taken and designated as proximal colon. For histopathological and immunohistochemical studies, a segment (1 cm in length) of entire colon tissue from distal colon (10-11th cm) and proximal colon (35-36th cm) was placed in freshly prepared 4 % paraformaldehyde/0.1 M PBS for overnight and 30 % sucrose for 2-3 days and stored at -70°C. For the remaining colon, the mucosa was scraped off and the circular muscular strips were cut into 3 pieces. Two pieces were snap-frozen in liquid nitrogen and stored at -70°C until further processing for mRNA and protein expression. Another piece was used for isolation of SMCs.
Histopathological Examination
The colon tissues from three animals of each group (ethanol control and TNBS) were embedded in one block using OCT compound (Tissue Tek, Elkhart, Ind., USA) and cut in cryostat at -18°C. All the tissue sections were coded and evaluated in a blind manner by two investigators. The sections (10 lm thickness) were collected on 1 % gelatinized slides and stored at -35°C before use. The standard hematoxylin and eosin staining was performed for histopathological examination.
Isolation of Colonic SMCs Reverse Transcription (RT) Quantitative PCR (RT-qPCR) and Western Blot Analysis, Assay for Phospholipase C-b Activity, and Measurement of SMC Contraction Rabbit colonic SMC preparation, and RT-qPCR and Western blot analysis were prepared as we previously described [7, 26] . RT-qPCR analyses were carried out in a LightCycler480 (Roche) using an SYBR Ò Green PCR Master Mix Kit (Applied Biosystems) as described previously. PLC-b activity was determined in freshly isolated SMCs by measuring the formation of inositol phosphates from the phosphoinositide using ion-exchange chromatography as described previously [31] . Contraction in freshly dispersed muscle cells from colonic circular muscle strips after TNBS colitis or lentivirus infection was measured by scanning microscopy as we described previously [32] . Table 2 . After adding cDNA to each well of an RT2 Profiler PCR Array, qPCR analyses were carried out in a LightCycler480 (Roche) using an SYBR Ò Green PCR Master Mix Kit (Applied Biosystems). The PCR product specificity was validated via the melt curves. Five housekeeping genes in the array, including b-actin (Actb), b2-microglobulin (B2m), hypoxanthine phosphoribosyl transferase 1 (Hprt1), lactate dehydrogenase A (LDHA), and non-POU domain-containing octamer-binding-like protein (NONO), were used for normalization. The Ct value for each gene was normalized to the average Ct of 5 housekeeping genes (DC t ). A list of differentially expressed genes was identified using unpaired Student's t test. Fold changes in gene expression between experimental group and control group were calculated. Genes that met statistical significance (p \ 0.05) and C3-fold changes were considered to be increased or decreased. (pLL-RGS4A) were generated as we previously described [7] . Silencing efficiency and specificity of RGS4A shRNA were validated by Western blot and RT-PCR analysis in cultured colonic SMCs [7] . The recombinant lentivirus carrying pLL-RGS4A-shRNA or empty control lentiviral vector pLL3.7 was produced by calcium phosphate-mediated transient transfection of HEK293T cells according to standard protocols. The viruses were concentrated and purified with ViraBind TM Lentivirus Concentration and Purification Kit (Cell Biolabs Inc.) following the manufacture's protocol. The purified lentivirus was resuspended in phosphate-buffered saline (PBS). The functional titers were determined by counting EGFP-expressing HEK293T cells at 48 h after infection with serial dilutions of lentiviruses. A typical preparation generated a titer of approximately 10 [8] [9] transduction units per ml.
Preparation and Injection of Lentivirus
For intramuscular colonic microinjection, a midline laparotomy was performed on animal under anesthesia with i.m. ketamine (40 mg/kg)/xylazine (5 mg/kg)/butorphanol (0.1 mg/kg). Sterile technique was used for the procedure. The left abdominal sidewall was exposed, and a short piece of colon around 15 cm from the anus was microinjected longitudinally into the smooth muscle layers with 5 ll of concentrated lentivirus per point at 10 points about 2 mm separately from each other. Then the muscle incision was closed with a 3-0 absorbable suture through a horizontal mattress stitch, and the skin incision was closed with skin staples. After recovery from anesthesia, animal was returned to normal maintenance cage. At 1, 2, 4, 9 weeks after microinjection, animals were euthanized, and the whole colons were collected for further experiments. The efficiency of lentivirus infection was examined by checking EGFP under confocal fluorescent microscopy.
Statistical Analysis
The nonparametric values for the clinical index, macroscopic change, and histopathological examination were expressed as median for the number of rabbits indicated and analyzed by the Mann-Whitney U test. Quantitative data were presented as mean ± SE of n experiments with a statistical significance (p \ 0.05 or 0.01) by the unpaired Student's t test.
Ethics Statement
The protocols for rabbit TNBS colitis and lentivirus gene delivery were approved by the IACUC committee at Virginia Commonwealth University (# 0510-3402) and Temple University (# 3164).
Results
Rabbit TNBS Colitis Model
TNBS-induced colitis has been well established in rat and mouse [33, 34] . In rabbit, intrarectal instillation of TNBS also induced a typical colitis [28, 30, 35, 36] . After a single injection of TNBS (75 mg/kg), all animals reproducibly developed colitis with diarrhea and rectal bleeding to various extent as well as weight loss by 18.3 ± 4.7 % (n = 8). The clinical index for TNBS-treated animals was 9.4 ± 1.3 (n = 8). On laparotomy at day 5 after TNBS treatment [28, 29] , the gross appearance of peritoneal cavity and the distal colon varied with the severity of colitis. In some cases, severe peritoneal inflammatory Table 2 Up-or down-regulated genes in ethanol treatment (n = 3) over the normal control animals (n = 3) exudate, tissue swelling, major adhesions, and inflammatory stricture with unformed stool were observed. The gross appearance of the mucosa was normal in the 50 % ethanol-treated animals (Fig. 1a, c) . However, mucosal damages including hyperemia, ulceration, wall thickness (Fig. 1b, d ) were observed in TNBS-treated animals with a Bold values indicate [3-fold changes * p \ 0.05 indicates a statistically significant change by the Student's t test compared to the normal control group macroscopic score of 13.2 ± 1.8 (n = 6). Histopathological examination of these inflamed tissues showed intensive epithelial damage, crypt abscess, inflammatory leukocyte infiltration, and smooth muscle thickening (Fig. 1e, f) .
Characteristic Inflammatory/Immune Response in Inflamed Colonic Smooth Muscle
Inflammatory/immune responses have been known to contribute to the pathogenesis of intestinal diseases. Recently, the innate and adaptive immune responses have been shown to play key roles in modulating the intestinal motility [37] . Most studies have focused on the mucosal inflammatory/immune responses from epithelial cells and various immune cells [1] . Increasing experimental evidence showed that SMCs also release inflammatory/immunological mediators that play important role in regulating inflammatory dysregulation of intestinal motility [2] [3] [4] . To elucidate the role of smooth muscle-derived immune/inflammatory response in intestinal disorders, we performed RT-qPCR array using the freshly isolated colonic circular smooth muscle strips. The ethanol treatment has been used as a vehicle control for TNBS-induced colitis as it does not induce dramatic histopathological changes in the colon [28, 30, 35, 36] . Most genes in this PCR array exhibited no significant changes between ethanol vehicle and normal control. However, a few genes showed various degrees ([2-to 3-folds) of up-or downregulation, mainly related to interferon response, Th2 and Th17 cytokine response, despite only IL-17A and TYK2 showing statistical significance (Table 2) . Thus, data interpretation should be cautious for the biochemical/molecular and functional evaluation in colitis model, and the ethanol vehicle group should be used for the comparison against TNBS-induced colitis. At day 5 after TNBS treatment, the maximal time for the inflammation, 24 genes from 84 innate/adaptive immune responsive genes exhibited C2-fold increase in the mRNA expression, whereas 5 genes displayed C2-fold decrease (Table 3 ; Fig. 2 ). Student's t test showed a statistically significant increase in IL-1b, IL-1a, IL-1R1, IL-6, IL-8, CD1D, ITGB2, and CCL3 (MIP1a) (Fig. 2c) , but a significant decrease in IL-18, CXCR4, C3, and CD86 (Fig. 2d) . At day 7 after TNBS treatment, only CD1D and IL-6 remained significantly higher than the ethanol control, implying that the expression of the inflammation-induced up-regulated genes restored when the colonic inflammation started to recover. However, the expression of genes that are downregulated continued to decrease significantly at day 7.
Additional genes such as IRF6, caspase-1, TLR3 that are not affected at day 5 became further decreased at day 7 despite no statistical significance (Table 3) . TNF-a and most Th2/Th17 cytokines did not change significantly in the inflamed smooth muscle (Table 3) .
Inflammation-Induced Contractile Inhibition of Isolated Smooth Muscle Cells
Several studies showed a decrease in colonic muscle contraction in TNBS colitis models. Decrease in muscle contraction could be due to decrease in neural input and/or changes in signaling pathways that regulate muscle contraction [7] [8] [9] [10] . To address the contribution of the SMCs to the inflammation-induced colonic dysmotility, the single SMCs freshly isolated from the inflamed colon circular muscle strips were used for measurement of contractile responses. Contraction in response to muscarinic M3 receptor activation was measured by treatment of cells with ACh in the presence of muscarinic M2 receptor antagonist as described previously [7] . As shown in Fig. 3a , contraction of colonic SMCs was significantly reduced after TNBS-induced colitis as compared with ethanol control. These data suggest that the inflamed SMCs could contribute to altered motility in TNBS-induced colitis.
Up-Regulation of RGS4 in Inflamed Muscle Contributing to the Inhibition of Muscle Contraction
Immune response/inflammatory mediators induce different pattern of muscle contraction in gastrointestinal tract. Th1 cytokines such as IL-1b, TNF-a, IL-6, IL-8 induce an inhibitory effect, while Th2 cytokines such as IL-4, IL-5, IL-12 induce a stimulatory effect on the contractile responses of smooth muscle to excitatory neurotransmitters [3, 5, 6, 9, 10, 38] . Th17 cytokines may involve both inhibitory and stimulatory effects [39] . As shown above, IL-1 signaling and Th1 cytokines in the colonic smooth muscles were most affected by TNBS-induced colonic inflammation. This is consistent with previous reports showing that IL-1 is a predominant cytokine in mediating inhibition of contraction [3, 6, 9, 10] . IL-1b stimulation significantly up-regulates RGS4 expression in cultured and freshly isolated colonic SMCs from healthy rabbit [7, 25, 26] . In vitro studies showed that up-regulated RGS4 contributes significantly to the inhibitory effect of IL-1b on ACh-stimulated contraction in rabbit colonic SMCs [7, 25, 26] . To address whether up-regulation of RGS4 is involved in inflammation-induced inhibition of muscle contraction in vivo, we examined the expression pattern of RGS4 by RT-qPCR and Western blot analysis in colonic circular muscle strips after TNBS-induced colitis. As shown in Fig. 3b , c, RGS4 expression was significantly increased at both mRNA and protein levels after experimental colitis. 
RGS4 Silencing In Vivo Augments ACh-Induced PLC-b Activation and Muscle Contraction
Our previous in vitro studies showed that knockdown of endogenous RGS4 in cultured SMCs and freshly isolated muscle strips by RGS4A shRNA blocked IL-1b-induced inhibition of smooth muscle contraction [7] . To further determine the role of endogenous RGS4 in mediating IL1b-induced inhibitory effect on colonic SMCs in animal model, we first examined the feasibility and efficiency of lentivirus-mediated RGS4A shRNA in adult rabbit colon and then determined the effect of in vivo RGS4 knockdown on colonic smooth muscle motility. Lentivirus was used because of its high efficiency for gene delivery in nondividing cells and long-term stable expression of target gene or shRNA. Intramuscular microinjection of lentivirus carrying efficient RGS4A shRNA into the distal colon through abdominal surgery was performed to suppress RGS4 expression in vivo. The feasibility and efficiency of lentiviral transduction were confirmed by the expression of the internal EGFP marker (Fig. 4a-d) . As compared with the empty lentiviral vector pLL3.7, the lentiviral RGS4A shRNA efficiently inhibited RGS4 expression at both mRNA and protein levels in muscle strips of distal but not proximal colon at 2 weeks after microinjection into the muscle layers of distal colon (Fig. 4e, f) . In the mucosal layer of distal colon, the level of RGS4 mRNA showed no significant difference between the empty vector and RGS4A shRNA (Fig. 4e) , and the level of RGS4 protein was undetectable by Western blot (Fig. 4f) . These data suggest that lentivirus-mediated RGS4A shRNA efficiently and stably silences the expression of endogenous RGS4 in vivo.
RGS4 is a negative regulator of Ga q -dependent PLC-b activation and contraction of colonic SMCs [7, 17] . To examine the functional outcome of stable RGS4 knockdown in colonic SMCs in vivo, we measured PLC-b activity and contraction of colonic SMCs freshly isolated from colonic circular muscle strips at 9 weeks after infection of lentivirus carrying efficient RGS4A shRNA. In vivo knockdown of RGS4 expression in the SMCs of the distal colon significantly increased PLC-b activation in response to Gq-coupled m3 receptor agonist, ACh. PLC-b activation in response to Gi-coupled d opioid receptor agonist, DPDPE, however, was not affected (Fig. 5a) . Previous studies have shown that PLC-b activity in response to DPDPE is regulated by Ga i2 -associated RGS12 [40] . ACh-stimulated PLC-b activation in the proximal for statistical analysis by the Student's t test. *p \ 0.05 indicates significant changes of each gene at day 5 (n = 5) and day 7 (n = 3) after TNBS treatment as compared with the corresponding ethanol control colon was also not affected (Fig. 5a) , and this was consistent with no change in the RGS4 expression in the proximal colon after microinjection at the distal colon (Fig. 4e, f) . Contraction of colonic circular SMCs in response to stimulation with different concentration of ACh was significantly augmented by in vivo knockdown of RGS4 expression in the distal colon but not proximal colon (Fig. 5b) . Taken together, these data suggest that RGS4 silencing in vivo specifically promotes ACh-induced PLCb activation and smooth muscle contraction. The results also confirm that RGS4 is a negative regulator of Ga qdependent PLC-b activation and muscle contraction in vivo.
Up-Regulation of IKK2/P65 NFjB Signaling in Inflamed Smooth Muscles
NFjB signaling plays a key role in various types of inflammation. The action of NFjB signaling after colitis in mouse, rat, and human depends upon the induction of various immune/inflammatory responses [41] . In rabbit TNBS colitis model, IL-1b is significantly up-regulated [28, 29, 35] . IL-1b is known to regulate downstream target gene expression through classical and non-classical pathway of NFjB activation. To determine the correlation of in vivo NFjB signaling to RGS4 up-regulation in colonic smooth muscles after colitis, we examined the expression of IKK2/p65 (classical) and IKK1/p52 (non-classical) by performing Western blot analysis. In coincidence with the up-regulation of RGS4, dramatic increase in the protein levels of IKK2 and p65 was observed in colonic smooth muscles after TNBS-induced colitis (Fig. 6) . The expression levels of IKK1 and p52 varied with individual animal but did not exhibit any dramatic difference between the inflamed and non-inflamed smooth muscles (Fig. 6 ). These data suggest that the classical IKK2/p65 pathway is upregulated in inflamed colonic smooth muscles. This supports our previous studies demonstrating that IL-1b upregulates RGS4 expression in rabbit colonic SMCs via activation of the classical IKK2/IjBa/p65 signaling in vitro [25] .
Discussion
In gut smooth muscle cells, RGS4 suppresses the Ga q signaling stimulated by muscarinic M3 or motilin receptors [42] , resulting in the inhibition of agonist-induced muscle contraction [7, 17, 25] . During intestinal inflammation, IL1b-induced up-regulation of RGS4 leads to rapid inactivation of Ga q signaling and decrease in ACh-induced PLCb activity, MLC 20 phosphorylation, and muscle contraction [7, 25, 26] . These in vitro studies using cultured or freshly isolated gut SMCs have demonstrated the important function of RGS4 in regulating colonic muscle contraction. In the present study, we demonstrate for the first time that colonic inflammation induced up-regulation of RGS4 expression in vivo in colonic SMCs, which contributes to the inhibition of colonic muscle contraction. Lentivirusmediated delivery of RGS4 shRNA through intramuscular colonic microinjection effectively knocked down the expression of endogenous RGS4, leading to the acceleration of ACh-stimulated PLC-b-dependent contraction in colonic SMCs.
Among several colitis animal models, TNBS-induced colitis is a classic model that is used to mimic various clinical and histopathological features of colitis, including neutrophil infiltration, mucosal ulceration, and increased production of inflammatory mediators [33] . TNBS-induced colitis model in rabbits was used in the present study because (1) our previous studies have the signaling pathways involved in the regulation of smooth muscle function in response to both excitatory and inhibitory transmitters [7, 25, 26] ; (2) a closer gene homology and functional correlation between rabbit and human have been observed 1925-1940 1935 in several disease models [29, 36] ; and (3) TNBS-induced colitis in rabbits has been established [28] [29] [30] 36] . In this model, TNBS can be administered without any anesthesia. A single dose of TNBS induces a reliable and reproducible model for colitis, showing similar macroscopic damage and histopathological changes in the colon as described previously [28-30, 35, 36] . Changes in the levels of inflammatory mediators and innate/adaptive immune responses have been widely investigated in the mucosa or muscle layers after colitis induced by TNBS and others [43] . In this study, the major genes with statistically significant up-regulation in the inflamed smooth muscles of rabbit colon are the IL-1 signaling (IL-1b, IL-1a, IL-1R1) and its related Th1 cytokines (IL-6, IL-8), which is consistent with previous reports in rodent TNBS colitis models [34] . We also observed that CD1D, ITGB2, and CCL3 (MIP1a) were significantly upregulated in the inflamed colonic smooth muscles in rabbit colitis model. All these three genes are preferentially expressed in leukocytes. Up-regulation of these genes in the inflamed colonic circular muscles may predominantly reflect the inflammatory extravasation of leukocytes. CD1D is expressed in antigen-presenting cells and presents lipid antigens to natural killer T cells that directly contribute to the intestinal inflammation [44] . ITGB2 gene encodes the common integrin b2 (CD18) that dimerizes with CD11a, b, c, and d to generate LFA-1, Mac-1, CR4, and integrin aDb2, respectively, and participates in leukocyte adhesion and activation. ITGB2 is dramatically up-regulated in mucosa, submucosa, smooth muscles of Fig. 4 [45] , and colitis animals [46] . The chemokine CCL3 (MIP1a) is well known to be up-regulated in IBD [47] and recruits neutrophils to the inflamed gut tissues [48] . The effects of these up-regulated genes in the inflamed muscles on the intestinal contractility remain to be determined. When the colonic inflammation started to recover at day 7 after TNBS challenge, the expression of the inflammation-induced up-regulated genes restored. Interestingly, several genes such as IL-18, CXCR4, C3, CD86 were down-regulated in the inflamed smooth muscle and continued to be down-regulated when the recovery started, suggesting that these genes may protect against colonic inflammation. However, TNF-a and most Th2/ Th17 cytokines did not change significantly in the inflamed smooth muscle, in contrast to their significant changes in mucosal/immune cells as evidenced by previous reports [3, 5, 6, 9, 10, [37] [38] [39] . IL-18 (also called interferon-c-inducing factor) is a member of IL-1 superfamily, activated by caspase-1, and regulates target gene expression through NFjB signaling [49] . In contrast to IL-1, IL-18 (and its related caspase-1 and interferon-c) is down-regulated in the inflamed smooth muscles, implying that down-regulation may be a protective mechanism against TNBS-induced colitis in rabbit. IL-18 is expressed mainly in the lamina propria mononuclear cells and intestinal epithelial cells.
IL-18 exerts a dual role in intestinal inflammation, depending on the cell types and inflammation stages [50] . Further investigation is warranted to elucidate the cellular expression pattern of IL-18 and its signaling after colitis and their functional regulation in intestinal motility.
The pro-inflammatory cytokine IL-1b modulates intestinal motility through regulating contractile proteins and G-protein signaling, which is controlled by the family of RGS proteins. Little is known about the expression and function of RGS proteins in IBD. A series of in vitro studies demonstrated the critical role of RGS4 in mediating IL-1b-induced inhibitory effect on agonist-stimulated contraction of smooth muscle [7, 25, 26] . The present in vivo study provided a convincing evidence that RGS4 is significantly up-regulated in colonic SMCs after colitis. Up-regulated RGS4 expression contributes to the inhibition of SMC contraction in the inflamed colon. To investigate the role of RGS4 in vivo in regulating smooth muscle contraction, we examined the feasibility and efficiency of in vivo silencing of endogenous RGS4 expression via intramuscular microinjection of lentivirus carrying effective RGS4A shRNA. Our previous studies demonstrated the efficiency of lentivirus to infect cultured colonic SMCs [51] . In this study, we demonstrated that intramuscular administration of lentivirus induced a sufficient infection in colonic SMCs in vivo, leading to an effective and longterm knockdown of RGS4 mRNA and protein expression in colonic muscle strips. Such knockdown promotes PLC-b activation and muscle contraction after ACh stimulation in the freshly isolated SMCs. Whether lentivirus-mediated RGS4 shRNA knockdown, particularly in a SMC-specific manner, could reverse inflammation-induced smooth muscle dysfunction needs further investigation using colitis model.
In conclusion, TNBS-induced colitis in rabbit induces up-regulation of IL-1 signaling and RGS4 expression in colonic smooth muscles. Up-regulation of RGS4 contributes to the inflammatory inhibition of muscle contractile responses to agonist stimulation. Down-regulation of RGS4 could restore the contractility of colonic muscle cells. Intervention of RGS4 signaling in colonic muscle cells may provide a potential therapeutic approach for IBD. 
